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A B S T R A C T
The central feature of the CMS Link alignment system is a network of Amorphous Silicon Position Detectorsdistributed throughout the muon spectrometer that are connected by multiple laser lines. The data collectedduring the years from 2008 to 2015 is presented confirming an outstanding performance of the photo sensorsduring more than seven years of operation. Details of the photo sensor readout of the laser signals are presented.The mechanical motions of the CMS detector are monitored using these photosensors and good agreement withdistance sensors is obtained.
1. Introduction
A major part of the Compact Muon Solenoid detector (CMS) [1–4] isa powerful muon spectrometer [3] that identifies and measures muonsover a wide range of energy from a few GeV up to several TeV. TheCMS detector basically has a cylindrical symmetry around the LHC beampipe, an overall diameter of 15 m, a total length of 21.6 m and weighs12.5 kt (mainly iron flux return). At its heart, a 13 m long, 6 m innerdiameter superconducting solenoid [2] provides a 3.8 T field along thebeam axis and a bending power of about 12 Tm in the transverse plane.The field return consists of 1.5 m of iron layers interspersed with fourmuon stations in both the barrel and endcap regions that ensure fullgeometrical coverage and sufficient redundancy.
* Corresponding author.E-mail address: antonio.ferrando@ciemat.es (A. Ferrando).
The accuracy required in the position measurement of the muonchambers is driven by the resolution desired in the momentum mea-surement of high energy muons. CMS is designed to achieve a combined(Muon System [3] and Tracker [4]) momentum resolution of 0.5%–1%for 𝑝𝑇 ≈ 10 GeV, 1.5%–5% for 𝑝𝑇 ≈ 100 GeV and 5%–20% for 𝑝𝑇 ≈1 TeV for the region |𝜂| < 2.4. This momentum resolution requires theknowledge of the position of the chambers with a precision comparableto their resolution.Simulation studies were performed [5] to quantify the importance ofmuon chamber location for the momentum resolution. The solenoidalmagnetic field bends charged particles in 𝑟𝜙, the most important co-ordinate for determining the muon momentum. Hence, the alignmentsystem should reconstruct the position of the chambers within 150–300
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Fig. 1. Longitudinal view of one quadrant of the CMS detector. Laser lines (in dashed) used for the Alignment System are shown, except for the barrel region. Theposition of the 𝑍-stops is also indicated. The floor of the detector has a small inclination of about 1.23% with respect to the gravity vector g as depicted in the smalldrawing on the left.
μm for MB1–MB4 and within 75–200 μm for ME1–ME4 (Fig. 1). Thetighter constraints correspond to the first stations (MB1 and ME1) sincethe magnetic bending in the return yoke is reversed with respect to themagnetic field in the solenoid and hence the largest bending and bestmomentum determination is measured in the first stations. Since thesestations are located immediately outside the magnet before the fluxreturn they combine with the Tracker hits to achieve the measurementof the muon momentum.During CMS operations, the movements and deformations of themuon spectrometer are surely larger than 100 μm. To monitor thesemotions, CMS is instrumented with an opto-mechanical alignmentsystem that performs a continuous and precise measurement of therelative positions of the muon chambers as well as the position ofthe muon spectrometer with respect to the tracker, which is alignedindependently.In a previous document [6] the alignment system was presented,and, data taken during the two phases of the 2006 Magnet Test andCosmic Challenge measured the effects of the ramp up and down inthe magnetic field (magnetic cycle). It was shown that the Link systemproduces geometrical reconstructions of relative spatial locations andangular orientations between the muon chambers and the tracker bodywith a resolution better than 150 μm for distances and about 40 μradfor angles.The structural equilibrium of the muon spectrometer was also in-vestigated [7,8]. Using alignment data from the years 2008 and 2009,it was found that once the magnetic field intensity reaches 3.8 T,provided that the current in the coils remains unaltered, the mechanicalstructures reach equilibrium within the first 24 h. Structural equilibriummeans that any displacement in any direction (axial or radial) remainswithin the short distance sensors resolution: ±40 μm and any rotationwithin the tilt sensors resolution: ±40 μrad. These structural equilibriumperiods will be referred to as stability periods.To achieve a precise multipoint position monitoring, one needs tomeasure and/or monitor accurately the space position of a laser beamat several points along its path. In such cases the simplest solution
is to use transparent position sensors attached to the pieces whosespatial positions have to be monitored. When the expected independentmotions of the pieces are big (i.e. from mm to a couple of cm) the activearea of the sensors must be large.This paper focuses on the description of the CMS Link alignmentnetwork of diode lasers and photosensors and presents a brief analysisof the corresponding recorded data during the physics runs in theperiods 2008 to 2013 and in 2015. The goal is to show how thephotosensors behave during the magnet cycles and the stability periods,how compatible these measurements are with previous studies [7] andhow their data are used to help in the CMS geometrical reconstruction.A short description of the CMS Alignment system is given in Sec-tion 2. The general layout, the electronic equivalence and the measure-ment principle of the amorphous silicon position detectors (ASPDs), aswell as the readout electronics are shown in Sections 3, 4 and 5, respec-tively. A summary of the characteristics of the sensors, their averageperformance and the tests prior to their installation in CMS are describedin Section 6, while Section 7 deals with the description of the network ofphoto sensors and diode lasers of the CMS Link alignment system. Theinterpretation of the motions detected by the light spot reconstructionis given in Section 8 and an analysis of those reconstructions during themagnet cycles and the stability periods is done in Section 9. Section 10shows, with a few examples, how the CMS motions detected with theASPDs, during the ramping of the magnetic field, correlate with thoseobtained from the distance-measuring potentiometers (short distancesensors) used in previous studies [6–8]. Finally, Section 11 summarizesthe results.
2. The CMS alignment system
The CMS tracking detectors are grouped into four separate systems:two endcaps, the central barrel, and the tracker, which is inside thesolenoidal coil. Different muon detection technologies are employed forthe central and the endcap regions due to the different backgroundsand the varying intensity and homogeneity of the magnetic field. A
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Fig. 2. Sketch of the deformation of the endcap iron disks as a result of thecompression due to the magnetic field forces and the resistance of the barrel
𝑍-stops.
longitudinal view of one quadrant of the CMS experiment showing thevarious detectors is given in Fig. 1.In the barrel region, surrounding the coil of the solenoid, fourconcentric stations of drift tube (DT) chambers (named MB1 to MB4),are inserted in the five wheels that constitute the return iron yoke.A muon chamber is composed of three superlayers. Each superlayerin turn is made of four layers of drift cells, the basic detection unit.Drift times are translated into local space positions with a single hitresolution of 250 μm. Superlayers are arranged to measure the muon intwo orthogonal coordinates; two superlayers measure the muon in thebending plane, and the third superlayer measures it in the beam axisdirection.The mechanical design of a drift chamber is driven by the 100 μmspatial precision requirement in the determination of the track positionin the bending plane. Track segments are obtained by linear fits to thereconstructed hits in each coordinate. The DT chambers are subject tovariable residual magnetic fields below 0.4 T for all the stations exceptfor the innermost MB1 chambers closest to the endcaps, where the fieldreaches 0.8 T.At both CMS endcaps there are four layers of muon chambers, namedME1 to ME4. In the endcap regions the magnetic field is typicallyhigh and very inhomogeneous due to its bending of the flux return.In addition, at the level of the ME1 chambers the field intensity maybe as high as 3 T. To cope with this and with the high particlefluxes in these regions, different gas ionization detectors called CathodeStrip Chambers (CSCs) are used. The CSCs are multi-wire proportionalchambers in which the cathode plane is segmented into strips runningacross wires, giving 2D information of the particle passage. The fluxreturn results in a reversal of the magnetic force on a muon so thebest measure of the muon momentum occurs in the first station, whichhas the highest resolution requirement (75 μm). The remaining muonstations require a lower precision of 150 μm.Resistive Plate Chambers (RPCs), both in the barrel and in theendcaps, complement the muon spectrometer. They are used mainly fortrigger purposes since their time resolution is better than 2 ns, althoughtheir hits may also participate in the muon track recognition. The RPCsare assumed to be placed at their nominal positions within their spatialresolution of about 1 cm.Typically, the total number of hits including tracker hits registeredalong a muon track is about 40–45 in the forward region and about 55in the central one (|𝜂| < 1). The muon momentum is measured throughthe bending of its track in the transverse plane. The radius of curvature
𝜌 and the momentum of the muon in the plane perpendicular to themagnetic field (𝑝𝑇 ) are related by 𝜌[m] = 𝑝𝑇 [GeV]/0.3 B[T]. The radius
of curvature is obtained from the measurement of the muon trajectorysagitta s, after traversing a distance d in the magnetic field, usingthe approximate expression 𝜌 = 𝑑2∕8 s. An uncertainty in the sagittameasurement results in an uncertainty in the momentum measurement.The relative uncertainty in the sagitta measurement is 𝛿𝑠∕𝑠 =
−𝛿𝑝𝑇 ∕𝑝𝑇 , proportional to 𝜎(𝑠)𝑝𝑇 ∕𝑑2𝐵, where 𝜎(𝑠) is the resolution inthe sagitta measurement. The relative uncertainty in the momentumincreases with the muon momentum and decreases linearly with themagnetic field and quadratically with the traversed distance.A right-handed coordinate system is used in CMS, with the origin atthe nominal interaction point (IP), the 𝑥-axis pointing to the centre of theLHC ring, the 𝑦-axis pointing up (perpendicular to the LHC plane), andthe 𝑧-axis along the anticlockwise beam direction. The polar angle 𝜃 ismeasured from the positive 𝑧-axis and the azimuthal angle 𝜙 is measuredin the 𝑥𝑦-plane. The pseudorapidity is a geometrical variable defined as
𝜂 = − ln[tan(𝜃∕2)].At 3.8 T the solenoid induces an axial force of about 10,000 tonson the endcap iron yokes in the direction of the IP. Aluminium blocks,called 𝑍-stops, are located between the endcap disks and the barrelregion, as well as between the five barrel wheels, to prevent the differentstructures from being crushed into each other. The positions of the 𝑍-stops are indicated in Fig. 1. The deformation of the endcap iron disks asa result of the compression due to the magnetic forces and the resistanceof the barrel 𝑍-stops are illustrated in Fig. 2.To meet the momentum resolution requirements the tracker isequipped with an internal alignment system and can be treated as a rigidbody for purpose of the muon alignment system. The CMS AlignmentSystem is therefore organized in three basic blocks:
− The Tracker alignment system [4] measures the relative positionof the various tracker modules and monitors eventual internal deforma-tions.
− The Muon (Barrel and Endcaps) alignment system [3] monitorsthe relative positions among the DT and CSC muon chambers.
− The Link alignment system [3] connects the position of the twomuon subsystems, Barrel and Endcaps, to the position of the Trackerand monitors the relative movements between them.The positions of the Link system sensors define three alignmentplanes 60◦ apart, starting at 𝛷 = 15◦. Fig. 3(left) shows one of the 𝛷planes where the three alignment subsystems can be seen. Each planecontains four independent alignment quadrants where the three systemsare connected.In each 𝛷 quadrant six Amorphous Silicon Position Detector sensors(ASPDs) are connected by laser lines. The full network contains 36sensors per CMS endcap. An ASPD sensor [8–10] consists of two groupsof 64 silicon micro-strips 408 μm wide, with a pitch of 430 μm, orientedperpendicularly. The total active area is ∼30 × 30 mm2.The measured spatial resolutions of the reconstructed light spot onthe sensor active area are, on average, 5.2 ± 2.6 μm and 5.1 ± 2.4 μm forthe 𝑋- and 𝑌 -sensor coordinates, respectively [10].Each of the 12 alignment quadrants use four laser light paths, oneoriginating at the Tracker, two at the Endcap, and one at the Barrelregion as indicated in Fig. 3(left), resulting in 48 laser paths, 24 on eachside (positive or negative 𝑍) of the detector. Each laser path, in turn, ismonitored by three ASPDs, providing a total of 144 beam spots over thewhole CMS detector.All laser-source collimators are housed in rigid carbon fibre struc-tures called alignment rings (AR), modules for the alignment of thebarrel (MAB), and link disks (LD) as shown in Fig. 3(left).The ARs are annular structures attached to the Back Disks (BDs),the outermost, uninstrumented, Tracker Endcap disks. The LDs, annularstructures as well, are suspended from the inner diameter of the YN1iron disks of the endcap muon spectrometer by means of aluminiumtubes attached to mechanical assemblies called Transfer Plates (TPs).MABs are mounted onto the barrel yoke elements.The assumption of ‘‘rigid bodies’’ for the four tracking systems,allows setting up a redundant system of twelve planes that provide
3
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Fig. 3. Schematic view of the Alignment System. (Left): one 𝛷 alignment plane. The continuous and dotted lines show different optical paths. (Right): transverseview of the barrel muon detectors. The crossing lines indicate the three alignment 𝛷 planes with sketches of the six Modules for the Alignment of the Barrel (MABs).The CMS coordinate system is also indicated in the figure.
Fig. 4. Sketch of the ASPD sensor structure. The 64 × 64 sensor array covers an area of 30 × 30 mm2 including the bond pads. Fine-tuning and precise control of theoptical properties and film thicknesses of the top and bottom ZnO:Al strips and of the non-patterned a-SiC:H photoconductor enable a maximum optical transmittanceT ≈ 85% at the design wavelength 𝜆𝐿(681 nm).
redundancy in case of a malfunctioning sensor or a missing signal due tolarge mechanical movements [8]. The 𝛷 Link planes are also depictedin Fig. 3(right), where the CMS coordinate system is also indicated.The Link System laser-ASPD network is complemented by elec-trolytic tiltmeters for angular measurements with respect to the gravity,optical and mechanical proximity sensors for short distance measure-ments, aluminium tubes for long distance measurements, magneticprobes and temperature sensors [6–8]. All sensors are located insideindependent rigid structures, which are individually calibrated andintercalibrated on special benches and measured later, by photogram-metry [6], after installed in CMS.
3. Amorphous silicon position detecting sensors
The use of semi-transparent photodetectors is very appropriate forthe CMS Link Alignment System due to the fact that optical paths shouldcross more than one sensor in the same laser line, as can be inferred fromFig. 3(left).This is not the unique solution to achieve that purpose, but it isprobably the simplest one and this is why groups at IFCA and CIEMAT,together with Steinbeis-Transferzentrum für Angewandte Photovoltaikund Dünnschichttechnik (STAPD), carried out a joint effort to develop anew generation of semi-transparent amorphous silicon 2D photosensors(ASPD) for multipoint position detecting purposes. The set of ASPD sen-sors for CMS was manufactured by STAPD with technological support
from the Universität Stuttgart (Institut für Physikalische Elektronik, IPE)under the quality control and acceptance of IFCA–CIEMAT. A completereport on this work can be found in Ref. [11].Fig. 4 depicts the layer sequence and the general layout of thesesemi-transparent 2D sensors. A matrix arrangement of perpendicularZnO strips enables the precise reconstruction of the position of thelaser beam, while the a-SiC:H layer sandwiched between the ZnO stripsprovides high optical transmission and photosensitivity at the sametime. The union of a ZnO strip and the photoconducting a-SiC:H definesa Schottky photodiode strip. The position of a light spot onto the sensorsurface is then reconstructed as the centroid of the local photo responsesgenerated by the 2D matrix of photodiode strips.The ASPD sensors incorporate antireflective coated glass substratesdelivered by Schott Advanced Materials (Grünenplan, Germany). Theseare special 100 mm diameter glass wafers with a high stability againstirradiation damage that are selected from a production lot for minimumdeviation in parallelism of their two surfaces. The maximum deviationin thickness was 5 μm. Those high-quality glass wafers receive a veryhomogeneous antireflective coating by Jenoptik (Jena, Germany) whichreduces reflection losses to less than 0.5% per surface.By optimizing material properties, deposition, and patterning pro-cesses, we achieve a layer sequence, which represents an optimumcompromise between optical transparency and photosensitivity. Thisoptimized ASPD sensor comprises the following layer sequence: antire-flective coated glass substrate (1 mm), aluminium doped zinc oxide
4
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Fig. 5. Example of the electronic equivalence of an 8 𝑋 8 strips ASPD sensor, with a sketch of the readout current distributions generated by a light spot illuminating4 strips in each direction.
ZnO:Al (110 nm), carbon-doped hydrogenated amorphous silicon a-Si0,9C0,1:H (195 nm), and ZnO:Al (110 nm).Top and bottom strips are arranged perpendicular to each other. Thewidth of each ZnO:Al strip amounts to 408 μm, with a 22 μm spacingto the neighbouring strips. Aluminium bond pads arranged on top ofthe ZnO:Al strips outside the photosensitive area of the sensors provideelectric contact to the individual strips by wire bonding to the readoutelectronics board, described later.
4. ASPD readout
The photodiodes of the ASPDs are read out in the following way: if
𝑁𝑥(𝑦) is the number of photodiodes along the two orthogonal coordinates
𝑥(𝑦), they are accessed as a set of 𝑁𝑥 + 𝑁𝑦 rows and columns ofphotocurrents.Fig. 5 illustrates the electronic equivalent circuit for the case ofa small 8 × 8 strips sensor with a light spot illuminating 4 strips ineach direction. The photocurrents generated in each strip diode areextracted through the ‘‘𝑥𝑖’’ and ‘‘𝑦𝑖’’ ends. Measuring the photocurrentsgoing through ‘‘𝑦1’’, ‘‘𝑦2’’. . . ., ‘‘𝑦8’’ and ‘‘𝑥1’’, ‘‘𝑥2’’…, ‘‘𝑥8’’ terminals, theprojections over the 𝑌 and𝑋 axis of the light spot intensity are obtained,which are also indicated in the figure.In practice, the two coordinates of the light spot centre on the sensorsensitive area are determined by double Gaussian fits to the 𝑌 and 𝑋light distributions, respectively. A double Gaussian function is used toaccount for a possible small amplitude, but large width contributioncaused by background.
Fig. 6(top) and (bottom) show the reconstruction of 𝑋 and 𝑌coordinates of a laser beam spot incident on the sensor. The curves arethe result of fits to the corresponding photocurrent distributions. Thedistributions in the insets show the charge collected from each of thestrips (in ADC counts).In this particular example the effective widths of the double Gaus-sians, calculated as the amplitude-weighted quadrature sum of thewidths of each of them, are 542.0 μm and 537.0 μm in the 𝑋 and 𝑌coordinates, respectively. The uncertainty in the reconstructed light spotcoordinates in the example is 36.1 μm and 35.8 μm for the 𝑋 and 𝑌coordinates, respectively. The uncertainties in the 𝑋 and 𝑌 positionsare calculated as the effective width of the double Gaussian fit dividedby the square root of the number of strips used in the reconstruction(typically 15 if there are no bad strips),The goodness of the Gaussian fits is not uniform over the full sensitivearea. Although the response in terms of mA/W is very homogeneous,the presence of any ‘‘bad strips’’ in the beam spot area diminishes thedegrees of freedom in the Gaussians fits to the current distributions. Astrip is called ‘‘bad’’ if it does not provide any electrical signal useablefor the light spot centre reconstruction.Electrical defects that may occur during ASPD processing can beclassified into two main types. First, an in-plane connection betweentwo neighbouring strips causes the photocurrent signals of both neigh-bouring strips to approximately double under uniform illumination.The second major type of defect is a short circuit through the layerstack in the vertical direction. Particles from the environment or froma deposition tool are electrostatically captured at the glass substrate.Such adsorbed particles may be released at any stage of the processing
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Fig. 6. Example of the spot signal reconstruction on the local to the sensor 𝑋 (top) and 𝑌 (bottom) coordinates from the currents readout of the vertical andhorizontal strips, respectively. The inset drawings show the actual readout currents from the illuminated vertical (up) and horizontal (down) strips.
Fig. 7. The photograph on the left shows the sensor carrier board with place for sensor accommodation and two perpendicular lines of 64 aluminium terminatedpads for sensor electronics bonding. Also visible are the ‘‘horizontal’’ and ‘‘vertical’’ boards of the ASPD FE electronics, with their various components: resistors,capacitors, the 16:1 multiplexers and the ‘‘male’’ miniature connectors to extract the signals. The photograph on the right shows the final compact form, whosedimensions are: 4.7 × 4.7 × 4.7 cm3.
sequence forming a pinhole. Depending on the specific processing step,the resulting defect introduces a vertical electric contact between thetop and bottom ZnO:Al strips. As a consequence, the affected row(s) andcolumn(s) of the sensor will exhibit an electrical response independentof the illumination.
5. Readout electronics
Custom electronics for the readout of the sensor photocurrents andthe subsequent Gaussian fits has been designed and constructed at
CIEMAT. The electronics consists of a sensor carrier, holding the sensor,coupled to the front-end (FE) electronics (two signal multiplexer boards)and a signal processor or Local Electronic Board (LEB).
5.1. The sensor carrier and the signal multiplexer boards
The ASPD sensor is mounted on the carrier board with two per-pendicular pads containing 64 gold-terminated pads for reading outthe signals of the sensor. Two 64-pin miniature connectors link thephotocurrents from the ASPD sensor to the multiplexer boards.
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Fig. 8. (a) Diagram of the LEB readout card showing the various integrated blocks: Bus Interface (BI), CAN bus Interface (CI), ASPD Control Interface (ACI), ASPDSignal Conditioner (ASC), Micro Controller Units (MCU), Fault Injection board Interface (FI) and the Programming Interface (PI). (b) Photograph of a Local ElectronicBoard (LEB) where the blocks described in the text and in the diagram in (a) are installed.
The multiplexer boards (named ‘‘horizontal’’ and ‘‘vertical’’) are eachmounted perpendicular to the carrier board as shown in Fig. 7(left).These multiplexer boards accept currents from the ASPD sensor as wellas control signals from the LEB.Eight multiplexers (16:1), for photocurrent switching, are mountedon the boards. Four multiplexers (64 channels) are used for the topelectrodes (𝑦-axis vertical multiplexers) and the other four (64 channels)for the bottom electrodes (𝑥-axis horizontal multiplexers).To bias the Schottky photodiodes, which are the active elements ofthe ASPD, each top electrode of the sensor is connected to analog ground(AGND) through a 47 kΩ resistor and each bottom electrode, in turn, isconnected to the analog bias voltage (ABIAS) through a similar 47 kΩresistor. Each strip of the bottom and top electrodes is connected to amultiplexer input.The sensor carrier and the multiplexer boards are mounted in anopen-cube set-up, with only three faces as shown in Fig. 7(right), of
4.7 cm per side. This arrangement is a technical solution that minimizesthe dimensions of the complete detector unit to 4.7×4.7 cm2 in the planeperpendicular to the light path.
5.2. Local Electronic Board (LEB)
The Local Electronic Board is the signal processor board that controlsthe ASPD readout. It converts current to voltage, digitizes analogsignals, reconstructs the light beam spatial position coordinates andcommunicates with a central PC. A single LEB can control up to 4 ASPDsensors simultaneously.The LEB board block diagram is shown in Fig. 8(a). In the Linkalignment system, the LEBs communicate with each other througha specific bus, the Bus Interface (BI). The LEBs incorporate a CANInterface card (CI), which consists of a CAN driver (DRV), an opto-coupled interface (OI) and a CAN controller (CC), that allows the LEBs
7
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Fig. 9. Sketch of main Link Alignment elements (𝑅-𝑍 view, not to scale) in a quadrant of a 𝛷 plane. The inset drawing shows the 𝑅𝜙 projection of the Link Systemin the vicinity of the external MAB, showing the two Light Lines emerging from the Link Disk collimator.
to communicate with other LEBs and with a central PC via the CANbuscommunication protocol.An ASPD Control Interface (ACI) generates and sends control signalsto up to 4 remote ASPD sensors. The ASPD Signal Conditioner (ASC)converts output currents to voltage and adapts the voltage levels to theADC input voltage range. The current to voltage conversion proceedsin two steps. First, a high precision resistor is used as feedback ofan operational amplifier in order to convert current to voltage. In thesecond step a variable-gain amplifier adapts the signal to the ADC input
range. Gains are adjustable and may be different for each sensor in achain and even different for horizontal and vertical strips in a givensensor. In this way, at the beginning of a CMS data run gains, and laseroutput power are adjusted as needed.To overcome eventual environmental radiation effects (includinglatchup), fault tolerant mechanisms are implemented by a RedundantController System with a Fault Tolerant Interface (FTI), which controlsthe LEB operation in a redundant mode. It includes two Micro ControllerUnits (MCU, Hitachi, H8S/2357) and the interface between them.
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Fig. 10. Labelling of the four laser lines (L1 to L4) and the six ASPD (P1 to P6) sensors in a 𝛷 link alignment quadrant. For each measurement, the three lasers aresuccessively turned on.
Fig. 11. Sketch of a Laser Box (LB) and its operation mode.
A Fault Injection board interface (FI) is used to program the MCUsvia an RS-232 serial port. It controls fault injection procedures andcommunicates with an external application.
Table 1Average characteristics of the ASPD sensors for the CMS Alignment System.
Sensitivity (mA/W) 16.3 ± 7.6
𝜎𝑥 (μm) 5.2 ± 2.6
𝜎𝑦 (μm) 5.1 ± 2.4
𝜃x (μrad) −1.1 ± 5.1
𝜃y (μrad) 0.8 ± 3.8Transmittance (%) 84.8 ± 2.9
Finally, a Programming Interface (PI) allows one to configure theMCUs programming. It supports two programming modes: via PC andcloning through the FI board.The photograph in Fig. 8(b) shows an uncovered LEB after mountingall of its components.
6. Sensor performance and testing
A total of 122 ASPD units were constructed following the processesexplained in Ref. [11]. An experimental procedure was developed inorder to fully characterize the performance of each of the sensors priorto installation in the CMS detector. Results of this characterization arereported in Ref. [12]. From the total sample 72 sensors were installedin the detector, 36 per CMS 𝑍 side; 50 were left as spares.In Table 1 the average performance of the 122 sensors show aphotosensitivity of 16.3 ± 7.6 mA/W and a spatial point resolutionof 𝜎𝑥 = 5.2 ± 2.6 μm and 𝜎𝑦 = 5.1 ± 2.4 μm. For a beam of light atperpendicular incidence to the given sensor face, the deflection angleswhere 𝛩𝑥 = −1.1 ± 5.1 μrad and 𝛩𝑦 = 0.8 ± 3.8 μrad, where 𝛩𝑥 and
𝛩𝑦 are the components along the 𝑥- and 𝑦-axis. The measured averagetransmittance 𝑇 is 84.8 ± 2.9%. The most important constructionparameters of the ASPD sensors, already discussed in Sections 3 and4, are summarized in Table 2.Those ASPD sensors and their associated electronics are designed toremain operative under the hostile environmental conditions of CMSsuch as high magnetic fields or high levels of irradiation. A clearconfirmation of the robustness of the sensors is the observation that
9
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Fig. 12. Sketch of (a) an external MAB with the location of the tiltmeter inside the Laser Level and (b) the Laser Level (LL) mechanical structure containing onetiltmeter and one collimator.
Fig. 13. Photograph of an ASPD sensor with its local axis system of coordinatesand one example of possible incoming beam direction.
after more than seven years of operation in the CMS detector not a singleASPD sensor needed replacement.The operation of the ASPD sensors is unaffected by the largemagnetic field, since the short carrier-drift distance and the low Hallmobility of the amorphous silicon [11] has a small effect on the positionresolution (i.e. less than 1 μm at 4 T).
Table 2The ASPD construction parameters.
a-SiC:H thickness 195 nmStrip thickness 110 nmGlass thickness 1 mmActive area 28 × 28 mm2Number of strips 64 horizontal + 64 verticalStrip pitch 430 μmStrip gap 22 μm
Irradiation tests, for the sensors and their FE electronics wereperformed with gamma rays at the NAYADE [13] facility at CIEMATand with thermal neutrons at the MGC-20 Cyclotron of ATOMKI [14], inDebrecen. The results [15] proved that the a-Si material could withstandan irradiation up to 100 kGy photons (at a rate of 3 kGy/h) and up to1015 ± 37% neutrons/cm2 fluence without any degradation in the sensorperformance.The resistors and capacitors in the front-end electronics also remainoperational after receiving these doses. Multiplexers (DG406, 16:1,from SILICONIX) are expected to be less radiation-hard than all othercomponents, but, none of them have failed so far.The most delicate component inside the LEB is expected to bethe Microcontroller Unit so the behaviour of the Hitachi H8S/2357MCU under photon and proton beams was investigated. Nine MCUdevices were irradiated, in real operation conditions, with gamma-raysfrom a 137Cs source at the IR14 facility of CIEMAT and with 60 MeVprotons at the CYCLONE [14] installation of the Université Catholique
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Fig. 14. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 23 recorded ASPD events during the SP1 of the 2008 CMS operation. Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
de Louvaine (Belgium). The photon irradiation reached 210 Gy, and thetotal proton fluence was 1.5 × 1011 cm−2.The results [16] were very satisfactory: no malfunctions were de-tected due to the irradiation dose; during proton tests, only a few bitupsets in the SRAM memory occurred. No Single Event Latch-ups (SELs)were produced, and no Flash Memory or Single Event Effects (SEEs)were detected.The most radiation-hard element of the configuration is the ASPDsensor. The associated LEB electronics, which is much less radiationtolerant, is located in the balconies of the CMS experimental area. Thesignal is carried from the ASPDs to the LEB ADC converter through morethan 20 m long twisted pair cables.
7. Layout of photo sensors and diode lasers of the link alignmentsystem
A sketch of one quadrant of a 𝛷 Link alignment plane with itsinstrumentation is shown in Fig. 9. In each 𝛷 quadrant six AmorphousSilicon Position Detector sensors (ASPDs) are connected by laser lines,as detailed in Fig. 10.The four light paths of the network originate at the three collimatorsinstalled in each of the 𝛷 quadrants, as sketched in Fig. 10. As anexample, Light Path L2 starts at the collimator located in the Laser Box.The Laser Box (LB), attached to the Link Disk (LD), is a small opticalbench (see sketches in Fig. 11) containing the LD collimator, a modifiedrhomboidal prism that splits the laser beam into two parallel beams
about 5 cm apart, and a semi-transparent mirror that allows the LD laserlight to pass through and reflects the laser beam (Light Path L3) comingfrom the AR.The data taking procedure for each quadrant (see Figs. 10 and 11)is as follows. First, the AR laser turns on and the beam outgoing fromthe corresponding collimator (Light Path L3) arrives to the Laser Boxmirror and is deflected to the sensors P1 (placed on the Transfer Plate),P2 and P3 (both located in the MAB). Distances are: 𝑑(AR-LB) = 3.682m, 𝑑(LB − P1) = 2.151 m, 𝑑(P1 − P2) = 1.654 m, and 𝑑(P2 − P3) = 2.538m. The total L3 Light Path length is then 10.025 m.Then, the AR laser is switched off and the external MAB laser isturned on. The corresponding collimator, installed in the Laser Level(LL) attached to the MAB (see sketches in Fig. 12), sends a beam (LightPath L1) that crosses in sequence the sensors P3, P2 and P1. The distancebetween the collimator on the MAB and sensor P3 is 0.010 m.Finally, the Laser Level (MAB Laser in Fig. 10) is switched off andthe LD laser (whose collimator is installed in the LB) is turned on. Thecollimator in the Laser Box sends a beam that is split into two by themodified rhomboidal prism. One of the beams (Light Path L2) crossesthe sensors P1, P2 and P3, while the second one (Light Path L4, parallelto the first one) crosses sensors P4 (at the TP), P5 and P6 (both attachedto the ME/1/2 chamber). The distances are 𝑑(P4 − P5) = 0.067 m and
𝑑(P5 − P6) = 1.736 m.The full sequence of lasers turning on and off, reading out ofphotocurrents in the sensors and reconstruction of the centres of thelight spots on the ASPD surfaces constitutes a full data cycle set andtakes slightly more than half an hour to complete.
11
P. Arce et al. Nuclear Inst. and Methods in Physics Research, A 896 (2018) 1–23
Fig. 15. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 15 recorded ASPD events during the SP6 of the 2009 CMS operation. Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
7.1. Light spot resolutions
The laser beam in a given light path crosses a first sensor andthen reaches a second with an incidence angle (in the 𝑋 and the 𝑌directions) that follows a Gaussian distribution with central value andwidth (rms) as measured in the characterization process of the firstsensor. The reconstruction uncertainty in the second sensor, 𝜎2(rec), istherefore affected by an additional term, related to the uncertainty inthe deflection angles, that can be written as: 𝜎def2 = 𝜎1(def) × 𝑑12 (where
𝜎1(def) is the width of the deflection angle distribution of sensor 1 and
𝑑12 the distance between sensors 1 and 2), to be added quadratically tothe spatial reconstruction resolution of the second sensor.The light ray is subsequently deflected in each of the downstreamsensors in the given light path, always according to their measuredvalues of deflection angles. In general, the resulting incidence angulardistribution on the sensors surfaces is the convolution of the deflectionshappening successively in the upstream sensors, each of them havingits own Gaussian-like distribution. The average deflection in sensor ‘‘𝑗’’,due to the presence of several upstream sensors ‘‘𝑖’’ (𝑖 = 1, 𝑗 − 1), cantherefore be written as:
𝛥𝑗 =
∑
𝑖=1,𝑗−1
(𝛩𝑖 × 𝑑𝑖𝑗 ) (1)
where 𝛩𝑖 is the deflection angle of sensor ‘‘𝑖’’. The uncertainty inducedin the reconstruction process in sensor ‘‘𝑗’’ can be expressed as:
𝜎𝑗 = {𝜎2𝑗 (rec) +
∑
𝑖=1,𝑗−1
[𝜎𝑖(def) × 𝑑𝑖𝑗 ]2}1∕2 (2)
The above expressions apply to both coordinates, 𝑋 and 𝑌 .The value of 𝜎𝑗 is precisely the resolution in the detection of dis-placements of the 𝑗th sensor in the line: the quantity that will determinewhether a given sensor has moved or not from its initial position inthe beam light. This quantity defines the spatial point reconstructionresolution of a given sensor inside its light path and will be used as theuncertainty in the light spot coordinates reconstruction. For the CMSnetwork 𝑗max = 3.The data recorded by the Optical System Network in the quadrant 𝛷
= 75◦ at the +𝑍 side has been arbitrarily chosen to study the responseof the ASPDs in operation for the years 2008 through 2013 and in 2015.A priori, there should be no difference in the behaviour of the differentquadrants.
7.2. Characteristics of the sensors placed at the 𝛷 = +75◦ quadrant
The six ASPDs placed in the 𝛷 = 75◦ quadrant at the +𝑍 CMS sidehave the characteristics [12] shown in Tables 3 and 4.
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Fig. 16. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 44 recorded ASPD events during the SP1 of the 2010 CMS operation. Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
Table 3Characteristics of the photo-sensors labelled P1, P2 and P3 at 𝛷 = +75◦.
Label Characteristics Active face Glass face
P1
𝜃x [μrad] 3.2 ± 1.9 3.7 ± 2.9
𝜃y [μrad] 2.2 ± 2.1 0.2 ± 4.9Transmittance (%) 86 ± 1 84 ± 2
𝜎𝑥[μm] 7.4 8.7
𝜎𝑦[μm] 5.4 11.3
P2
𝜃x [μrad] 2.9 ± 4.3 1.4 ± 4.1
𝜃y [μrad] 4.0 ± 3.7 −2.5 ± 3.1Transmittance (%) 86 ± 1 85 ± 1
𝜎𝑥[μm] 4.8 6.7
𝜎𝑦[μm] 4.2 7.5
P3
𝜃x [μrad] −3.0 ± 5.7 −2.9 ± 3.2
𝜃y [μrad] 6.8 ± 5.2 −4.3 ± 7.1Transmittance (%) 85 ± 2 85 ± 1
𝜎𝑥[μm] 5.9 7.0
𝜎𝑦[μm] 4.4 4.4
For ideal conditions Table 5 shows the calculated resolutions in thereconstruction of the various light spots for that quadrant, using themeasured characteristics of the ASPD sensors, P1 to P6, crossed by thecorresponding L1 to L4 laser lines [11]. All quantities appearing inTable 5 are given in micrometres.
Table 4Characteristics of the photo-sensors labelled P4, P5 and P6 at 𝛷 = +75◦.
Label Characteristic Active face Glass face
P4
𝜃x [μrad] −3.7 ± 3.5 −5.0 ± 3.7
𝜃y [μrad] 2.8 ± 4.4 0.1 ± 2.7Transmittance (%) 85 ± 1 85 ± 1
𝜎𝑥[μm] 6.4 6.3
𝜎𝑦[μm] 2.9 4.4
P5
𝜃x [μrad] −5.2 ± 1.7 −6.4 ± 2.0
𝜃y [μrad] 0.1 ± 2.0 1.4 ± 2.0Transmittance (%) 76 ± 3 76 ± 3
𝜎𝑥[μm] 6.9 6.2
𝜎𝑦[μm] 3.2 3.0
P6
𝜃x [μrad] −5.1 ± 3.4 −5.8 ± 3.1
𝜃y [μrad] 4.6 ± 3.3 −3.6 ± 9.4Transmittance (%) 86 ± 1 85 ± 1
𝜎𝑥[μm] 6.7 7.4
𝜎𝑦[μm] 2.8 4.4
The quoted uncertainties are calculated using Eq. (2), the measuredsensor characteristics in Tables 3 and 4 and the appropriate sensor tosensor distances, in ideal conditions. This means that they represent theexpected uncertainties in the absence of any major distortion of the laserlight due to air density changes and assuming that the beam light arrives
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Fig. 17. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 46 recorded ASPD events during the SP2 of the 2011 CMS operation Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
Table 5Reconstruction resolutions (in μm) of the ASPD sensors in the 𝑋 (𝜎𝑥) and 𝑌 (𝜎𝑦) coordinates, for the units placed inthe 𝛷 = 75◦ quadrant at the +Z CMS side, in ideal conditions.
Sensorresolutions P1𝜎𝑥∕𝜎𝑦 P2𝜎𝑥∕𝜎𝑦 P3𝜎𝑥∕𝜎𝑦 P4𝜎𝑥∕𝜎𝑦 P5𝜎𝑥∕𝜎𝑦 P6𝜎𝑥∕𝜎𝑦Light Path 1 10.0/7.4 10.5/19.5 7.0/4.4Light Path 2 8.7/11.3 6.8/9.1 12.4/10.4Light Path 3 8.7/11.3 6.8/9.1 12.4/10.4Light Path 4 6.3/4.4 6.9/3.2 7.3/4.5
Table 6The column contents are: Observed year, Magnet Cycle containing the SP inspected, Stability Period in question,working magnetic field intensity, switch off conditions and number of recorded data events from the ASPDs, re-spectively. The first data considered during a SP is the one taken 24 h after the working magnetic field intensityis reached.
Year Magnet Cycle nb.from Ref. [8] SP nb.from Ref. [8] 𝐵max [T] Switch off cond. Total number of recorded ASPD events
2008 5 1 3.8 Controlled 232009 14 6 3.8 Controlled 152010 4 1 3.8 Fast Dump 442011 3 2 3.8 Fast Dump 462012 2 2 3.8 Fast Dump 1872013 1 1 3.8 Fast Dump 642015 4 1 3.8 Fast Dump 30
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Fig. 18. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 187 recorded ASPD events during the SP2 of the 2012 CMS operation. Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
in a direction approximately normal to the sensitive face and, of course,no mechanical motion of the rigid mechanical structures where they areattached. These requirements are rarely fulfilled by the laser light paths.As mentioned, the distribution of photocurrents in the vertical (hor-izontal) strips are used to reconstruct the sensor local 𝑥(𝑦) coordinate ofthe light spot (see Figs. 6 and 7). The light spot reconstruction in thesensors is referred to their geometrical centre, whose coordinates aretaken to be (0, 0). Since the strip pitch is 0.430 mm and the spot cannotbe reconstructed beyond the centres of strips 0 and 63, the effectivesensor limits are ±13.545 mm in both directions and the useable activearea of an ASPD is then ∼27 × 27 mm2.The sensor coordinate system is sketched in Fig. 13:𝑋- and 𝑌 -axis arethe detector local coordinates. The beam in the figure is drawn incomingtowards the active face of the sensor. In the Link System operation this isnot always the case: there are sensors receiving the laser beam from theglass face side. Moreover, some of them receive laser light from bothsides (although never simultaneously). The reception of light for oneor the other sensor sides affects mainly the deflection angles, but notthe light transmission, nor the light spot reconstruction. On the otherhand, sensors on their supporting plates are attached to different CMSelements in different orientations, as can be inferred by looking at Figs. 9and 10.In fact, when the light spot reconstruction data are used in theCOCOA reconstruction software [17] to determine the position of thephotodetectors of the alignment network, the knowledge of the realspace position of the physical ASPDs derived from the reconstruction ofthe light spots, is dominated by the uncertainty in their absolute spatial
Table 7For the light line L1, RMS of the distribution of the distance between the firstdata, in the stability period under study (see Table 6), and each of the other datapoints, in each of the crossed sensors by light path, during a given year of CMSoperation. RMS quantities greater than 300 μm are written in bold. When theRMS is greater than 900 μm (more than 3 𝜎 away from stability) the amount isreplaced by asterisks.
Light Line L1 Sensor P3 Sensor P2 Sensor P1
Year RMS (μm) RMS (μm) RMS (μm)
2008 0.5 12.5 11.02009 0.9 10.9 447.12010 0.9 72.7 74.82011 1.6 44.6 49.92012 **** **** ****2013 1.9 10.8 17.82015 **** 8.3 588.9
positions given by photogrammetry [6], about 300 μm for positions and100 μrad for orientations.COCOA (CMS Object oriented Code for Optical Alignment), is anobject oriented C++ software that handles the data provided by theCMS Alignment system and allows the reconstruction, at any moment,of the CMS geometry. For the Muon alignment system, COCOA mightwork with about 3000 parameters for the Link system, which arethe possible positions and orientations of all the pieces that buildup the system (distancemeters, collimators, prisms, ASPDs, tiltmeters,structures containing these systems, etc.). These parameters serve to
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Table 8For the light line L2, RMS of the distribution of the distance between the firstdata, in the stability period under study (see Table 6), and each of the other datapoints, in each of the crossed sensors by light path, during a given year of CMSoperation. RMS quantities greater than 300 μm are written in bold. When theRMS is greater than 900 μm (more than 3 𝜎 away from stability) the amount isreplaced by asterisks.
Light Line L2 Sensor P1 Sensor P2 Sensor P3
Year RMS (μm) RMS (μm) RMS (μm)
2008 44.5 81.3 164.32009 35.7 423.2 446.12010 18.7 54.7 68.92011 52.2 46.8 82.32012 766.8 **** ****2013 20.7 33.8 54.02015 11.8 17.6 27.7
Table 9For the light line L3, RMS of the distribution of the distance between the firstdata, in the stability period under study (see Table 6), and each of the other datapoints, in each of the crossed sensors by light path, during a given year of CMSoperation. RMS quantities greater than 300 μm are written in bold. When theRMS is greater than 900 μm (more than 3 𝜎 away from stability) the amount isreplaced by asterisks.
Light Line L3 Sensor P1 Sensor P2 Sensor P3
Year RMS (μm) RMS (μm) RMS (μm)
2008 207.3 196.1 218.32009 112.5 568.0 615.92010 348.1 223.3 ****2011 260.3 260.5 ****2012 **** 819.1 ****2013 99.3 160.8 ****2015 **** 52.0 ****
Table 10For the light line L4, RMS of the distribution of the distance between the firstdata, in the stability period under study (see Table 6), and each of the other datapoints, in each of the crossed sensors by light path, during a given year of CMSoperation. RMS quantities greater than 300 μm are written in bold. When theRMS is greater than 900 μm (more than 3 𝜎 away from stability) the amount isreplaced by asterisks.
Light Line L4 Sensor P4 Sensor P5 Sensor P6
Year RMS (μm) RMS (μm) RMS (μm)
2008 33.2 41.0 71.52009 129.2 161.4 373.92010 104.9 17.6 26.62011 51.7 55.7 72.32012 621.0 **** 74.62013 **** 23.1 37.02015 **** **** 22.5
Table 11The repositioning, or difference between the 𝑋 and 𝑌 reconstructed coordinatesat 𝐵 = 0 T before and after the Stability Period, in each of the three sensors inthe Laser Path L1. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T was missing. No ASPD data at 𝐵 = 0 T were recorded inthe years 2013 and 2015.
ASPD P3 P2 P1
Year 𝛥𝑋r[μm] 𝛥𝑌r [μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm]2008 1 3 −40 79 −35 −982009 1 5 25 −27 13 −1742010 −57 85 **** **** −36 −1042011 1 −1 −2 −5 −39 −382012 1 −13 −57 121 513 ****
actually constraint around 250 free parameters (declared as ‘‘unknown’’or ‘‘calibrated’’ within certain error) inside the fitting code.
Table 12The repositioning, or difference between the 𝑋 and 𝑌 reconstructed coordinatesat 𝐵 = 0 T before and after the Stability Period, in each of the three sensors inthe Laser Path L2. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T was missing. No ASPD data at 𝐵 = 0 T were recorded inthe years 2013 and 2015.
ASPD P1 P2 P3
Year 𝛥𝑋r[μm] 𝛥𝑌r [μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm]2008 −29 −23 −31 11 183 12009 −23 17 −70 −189 −146 −1672010 −8 101 **** **** **** ****2011 51 127 105 1 −51 12012 −74 −150 −103 **** 85 1
8. Light spots reconstruction and interpretation of motions
In what follows we will analyse some aspects of the data recordedby the ASPDs Link System Network, during the first seven years of CMSoperation, for the indicated 𝛷 = 75◦ quadrant of the +𝑍 CMS side.In the positive CMS 𝑍 side (or +𝑍 side), photo sensors in the MABsare installed in such a way that a motion of the reconstructed light spotalong the sensor +𝑋 local axis corresponds to a displacement alongthe +𝑟𝜙 CMS coordinate of the physical sensor (the ASPD itself), anda motion of the reconstructed light spot along the sensor +𝑌 localaxis corresponds to a displacement of the ASPD along the −𝑍 CMScoordinate.For the ME1/2 sensors, a motion of the reconstructed light spot alongthe local +𝑋 (+𝑌 ) axis of the sensor corresponds to a displacement alongthe −r𝜙 (+𝑍) CMS coordinate of the physical sensor.For the ME1/1 Transfer plate sensors, a motion of the reconstructedlight spot along the local +𝑋 (+𝑌 ) axis of the sensor corresponds to adisplacement along the +𝑟𝜙 (+𝑍) CMS coordinate of the physical sensor.In the negative CMS 𝑍 side (or −𝑍 side), for the MAB sensors, amotion of the reconstructed light spot along the local +𝑋 (+𝑌 ) axisof the sensor corresponds to a displacement along the +𝑍 (+𝑟𝜙) CMScoordinate of the physical sensor.For the ME1/2 sensors, a motion of the reconstructed light spot alongthe local +𝑋 (+𝑌 ) axis of the sensor corresponds to a displacement alongthe −𝑍 (−𝑟𝜙) CMS coordinate of the physical sensor.For the ME1/1 Transfer plate sensors, a motion of the reconstructedlight spot along the local +𝑋 (+𝑌 ) axis of the sensor corresponds to adisplacement in the −Z (+𝑟𝜙) CMS coordinate of the physical sensor.Given that in principle the laser beam path is fixed, when looking atthe Laser Path L1 at the +75◦ 𝛷 quadrant (see Fig. 10), a variation inthe reconstructed +𝑋 local coordinate of the light spot on the sensor P2(or P3 ) would correspond to a rotation in the +𝛷 CMS coordinate of thegiven sensor while a variation in the reconstructed +𝑌 local coordinateof the light spot on the sensor corresponds to a displacement in the −ZCMS coordinate of the sensor.In the same way, a variation in the reconstructed+𝑋 local coordinateof the light spot on the sensor P1 would correspond to a rotationin the +𝛷 CMS coordinate of the given sensor while a variation inthe reconstructed +𝑌 local coordinate of the light spot on the sensorcorresponds to a displacement in the +𝑍 CMS coordinate of the sensor.Therefore, for two reconstructions of the light spot done at differenttimes, 1 and 2, the interpretation in terms of the CMS variables, at the
+𝑍 CMS side, for the sensors P2 and P3 are:
arctg((𝑋2spot −𝑋1spot )∕RPI) = 𝛥𝛷sensor (with 𝐼 = 2, 3)where the 𝑅 positions of the ASPDs are RP2 = 4.423 m and RP3 = 6.961m and
− (𝑌2spot − 𝑌1spot ) = 𝛥𝑍sensorWhile for sensor P1:
arctg((𝑋2spot −𝑋1spot )∕RP1) = 𝛥𝛷sensor , with RP1 = 2.151 m
16
P. Arce et al. Nuclear Inst. and Methods in Physics Research, A 896 (2018) 1–23
Fig. 19. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 64 recorded ASPD events during the SP1 of the 2013 CMS operation Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
and
𝑌2
spot − 𝑌1spot = 𝛥𝑍sensorThe interpretation of the results is not unique, since the measuredrelative displacements and/or rotations of sensors P1, P2 and P3 may be,as pointed out above, a consequence of the convolution of displacementsand/or rotations of the following elements: MAB, TP, LD and AR.The complete interpretation can only be made by a full geometricalreconstruction of the whole set of Link data in a given event by theCOCOA software.Not all laser spots are correctly reconstructed. Sometimes, one ormore lasers might miss their target, resulting in wide spots consistentwith pure background. Other times, the sensors themselves can haveseveral strips damaged by dirt or occasional strip readout failure.Clearly, badly reconstructed laser positions can severely bias the finalgeometry reconstruction, and therefore, for the laser spots the errors inthe 𝑋 and the 𝑌 positions are required to be smaller than 500 μm. Thisguarantees, in principle, a good light spot reconstruction. Only well-reconstructed spots are fed to COCOA.Given that the laser beams travel long distances, go through po-larizers, collimators and optical fibre junctions, some reconstructedspots might actually become quite wide, and a visual inspection of allreconstructed light spots is necessary to make sure we do not reject spotswhich might not pass the criteria due to an unusually large width butwhich otherwise look reasonable.In the following subsections, the reconstructed light spot coordinateson the various ASPDs originated by the four laser lines at the indicated
𝛷 quadrant is studied over the seven years of operation. For simplicity,the discussion, when dealing with motions, will be restricted to thedisplacements along 𝛥𝑌 sensor , since the relative movements along thislocal coordinate always correspond to the same global CMS directionand are easier to interpret without the need of a full reconstruction.
9. The behaviour of the ASPD data during CMS running
In Ref. [8], the general CMS mechanical motions during the MagnetCycles and the structural equilibrium during the Stability Periods wereinvestigated. A Magnet Cycle is defined as the operating time betweenthe switching on and off of the current in the coils. During the rampingup of the current, from 0 to about 19 kA, the induced magnetic field inthe solenoid goes from 0 to about 3.8 T. The enormous axial magneticforce pushing both CMS endcaps towards the geometrical centre of thedetector induces important mechanical deformations/motions.The structural equilibrium is achieved 24 h after the workingmagnetic field (3.8 T) is reached [7]. Structural equilibrium is definedas a period during which displacements in any direction (axial orradial) remain within the distance sensors resolution of ∼40 μm andany rotation will be smaller than the tilt sensors resolution of ∼40 μrad.Periods satisfying these constraints are called Stability Periods (SPs).From the analysed data in Ref. [8] the present document will use theASPDs records corresponding to the SPs presented in Table 6 and, whenavailable, the data taken at 𝐵 = 0 T immediately before and after theobserved SP will also be used.
17
P. Arce et al. Nuclear Inst. and Methods in Physics Research, A 896 (2018) 1–23
Fig. 20. Distribution of the (𝑋, 𝑌 ) reconstructed coordinates, at 𝛷 = +75◦, of the 30 recorded ASPD events during the SP1 of the 2015 CMS operation. Rowscorrespond to the four laser lines, columns correspond to the sequentially crossed ASPD sensors.
The columns in Table 6 are the year, the Magnet Cycle containing theSP inspected, the Stability Period when the data are taken, the workingmagnetic field intensity, the switch off conditions and the number ofASPDs recorded events in that SP, respectively. The first data analysedduring a SP is the one taken 24 h after the working magnetic fieldintensity is reached. In one day a maximum of two full ASPD dataevents (72 photo sensors, 144 light spots reconstructed coordinates) arerecorded. There are days where no data are recorded.In what follows the data taken from the photo sensors network, bothduring stability periods or magnet cycles, is studied and discussed.
9.1. Stability periods
To inspect possible motions of the photosensors during StabilityPeriods the following two items are investigated: the spatial distributionof the reconstructed light spots on the sensors surface (no distinctionbetween active or glass sides) and the results from a clustering analysisof the impact points.
9.1.1. ASPD data during the stability periodsFigs. 14–20 show the reconstructed light spots during the StabilityPeriods (see Table 6) in the years 2008 to 2015, respectively.Each row in the figures corresponds to one of the four Light paths,L1 to L4, shown in Fig. 10. L1 crosses in sequence sensors P3, P2 and P1(plots in columns 1 to 3 on the first row, respectively). Light paths L2and L3 do the same through P1, P2 and P3 (plots in columns 1 to 3 on the
Fig. 21. Geometrical distance, 𝑑𝑖, between the reconstructed (𝑥𝑖, 𝑦𝑖) coordinatesof the light spot number 𝑖 and the first (𝑥𝑜, 𝑦𝑜) light spot on a given sensor 𝑃 ofa given laser line in the Stability Period under study. The origin of coordinatesis the point (0, 0) of the sensor’s active area. The reference (𝑥𝑜, 𝑦𝑜) coordinates(inside the sensor surface) is irrelevant.
second and the third rows, respectively). Light path L4 crosses ASPDsP4, P5 and P6 (plots in columns 1 to 3 on the last row, respectively). Ineach of the three drawings in a given row the beam spots are representedby their 𝑋 and 𝑌 , local to the corresponding sensor, reconstructedcoordinates.
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Fig. 22. Drawing of the Transfer Plate at the 𝛷 = +75◦ quadrant. The left straight line represents the Light Path L4 crossing ASPD P4. The right straight linecorresponds either to L2 or L3 Light Paths crossing ASPD P1. Lines are parallel and about 5 cm apart from each other.
To use the same scale for all twelve plots and for all years, we choosea large range which covers most of the sensor area, and, as a result, veryoften the dots are printed on top of each other. The number of entrypairs of (𝑋, 𝑌 ) spot coordinates are 23, 15, 44, 46, 187, 64 and 30 forthe years 2008 to 2015, respectively, as shown in Table 6.From the observation of these figures, the reader may suspect thatcertain degradation can be observed as time goes by. For example,the distribution of reconstructed light spots on sensor P3 in the lineL3 from the year 2010 and onwards looks almost random. However,the response of the same sensor in the line L2 does not show anysuspicious behaviour. The most probable explanation is that after theCMS closing before the 2010 physics run, the collimator sitting at theAR in the quadrant 𝛷 = +75◦ became slightly mechanically unstable,allowing small oscillations, most probably due to air currents originatedby temperature changes near the Tracker endcaps. It is important tonotice that the Tracker was installed in CMS prior to the 2010 physicsrun.Since L3 is the longest and most complex light path of the system,small collimator oscillations could easily cause the laser beam to missthe target sensor. If this happens, the readout would only registerbackground illumination and, as a result, the Gaussian fit to reconstructthe light spot centre becomes very unstable, causing the reconstructedbeam spot positions to look essentially random.
The consequences of the oscillations are more evident in sensor P3because is the most far from the L3 collimator, the last to be crossed inthis light path. It happens that sometimes the fake coordinate is only the
𝑋 as in Fig. 17, the 𝑌 as in Fig. 20, or in both of them (Figs. 18 and 19).In all of these cases a visual inspection of the light spot reconstructionis needed, as already said, before feeding any pair of coordinates toCOCOA.The peculiar light spot reconstructions on sensor P4 at the lightpath L4 in the last two years (2013 and 2015), showing points some-how parallel to the 𝑌 coordinate, may be caused by dust affectingsome horizontal strips, resulting in a non-unique reconstruction of theGaussian-like distributions, or spurious light reflections misidentified asoriginated by a laser beam.None of these suspicious light spot reconstructions are used in theCMS geometrical reconstruction software, but, since there are 12 𝛷sectors, the full data results are, as already pointed out, sufficientlyredundant.
9.1.2. Clustering of light spotsFrom the reconstructed coordinates of the light spots displayed inFigs. 14 to 20, the distances on the active surfaces of the correspondingASPD sensors between the first reconstructed spot and all the others ina given Stability Period were calculated.
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Table 13The repositioning, or difference between the 𝑋 and 𝑌 reconstructed coordinatesat 𝐵 = 0 T before and after the Stability Period, in each of the three sensors inthe Laser Path L3. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T was missing. No ASPD data at 𝐵 = 0 T were recorded inthe years 2013 and 2015.
ASPD P1 P2 P3
Year 𝛥𝑋r[μm] 𝛥𝑌r [μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm]2008 −232 927 −526 1 **** −11562009 −88 160 −154 **** −386 ****2010 474 39 **** **** **** ****2011 438 **** 514 **** **** ****2012 973 **** 1281 **** **** ****
Table 14The repositioning, or difference between the 𝑋 and 𝑌 reconstructed coordinatesat 𝐵 = 0 T before and after the Stability Period, in each of the three sensors inthe Laser Path L4. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T was missing. No ASPD data at 𝐵 = 0 T were recorded inthe years 2013 and 2015.
ASPD P4 P5 P6
Year 𝛥𝑋r[μm] 𝛥𝑌r [μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm] 𝛥𝑋r[μm] 𝛥𝑌r[μm]2008 −36 3 50 −46 58 −2572009 35 32 26 34 9 982010 11 116 −4 128 −2 12011 −35 168 −53 153 −121 12012 −453 −104 82 −655 248 ****
The distance between the first reconstructed spot (𝑥𝑜, 𝑦𝑜) and that ofnumber 𝑖 is given by
𝑑𝑖 =
√[(𝑥𝑖 − 𝑥𝑜)2 + (𝑦𝑖 − 𝑦𝑜)2],where the pair (𝑥𝑖, 𝑦𝑖) denotes the reconstructed coordinates of a lightspot, as shown in Fig. 21. The distribution of the distances d in eachof the sensors, for each of the light paths during a given year, wasinvestigated.The quantities obtained from the distributions are the mean valueof 𝑑, which is useless since it depends on the arbitrary reference (𝑥𝑜,
𝑦𝑜) used, and the RMS of the distribution of the 𝑑𝑖 values. The RMS isthe quantity that shows how close the reconstructed light spots are fromeach other and therefore, quantifies the stability of the laser beams overthe observed year. A large RMS value may even be due to the existenceof various d distributions because of changes in the laser beam directionfor different reasons (among them: sensor or collimator displacement,CMS deformations, etc.).The results are displayed in Tables 7 to 10. The set of reconstructedlight spot coordinates can be considered stable if the RMS of thecorresponding distribution of distances is smaller than the general 300
μm uncertainty. In all, Tables 7–10 shows what was discussed fromFigs. 14–20; in most cases the numbers show a good stability in thereconstructed coordinates of the light spots for a given sensor in a givenLight path. Discrepancies have understandable explanations and are notdue to sensor malfunctions.
9.2. Magnet cycles
From the laser light spot reconstructions of the 𝑋 and 𝑌 coordinatesduring the Magnet Cycles cited in Table 6, the following quantities werecalculated: (1) the repositioning, or difference between the 𝑋 and 𝑌reconstructed coordinates at𝐵 = 0 T before and after the Stability Periodin each of the sensors; and (2) the amplitude of the motion, or differencebetween the 𝑋 and 𝑌 reconstructed coordinates at 𝐵 = 0 T and 𝐵 = 3.8T due to the motions induced in the mechanical structures supportingphotodetectors and laser collimators when the magnetic field increasesfrom zero to the working intensity.
9.2.1. RepositioningThe repositioning, or difference between the 𝑋 and 𝑌 reconstructedcoordinates (denoted by 𝛥𝑋𝑟 and 𝛥𝑌 𝑟, respectively) at 𝐵 = 0 T, beforeand after a given Stability Period, in each of the sensors, are given inTables 11–14. Each table corresponds to one of the four Light Paths andtheir associated sensors.Distances are given in microns. Quantities smaller than the assumed300 μm spatial position uncertainty, denote a good reproducibility of theplace occupied before the ramping up and down of the magnetic fieldintensity. When larger than this value, the quantity is printed in bold.Differences marked **** mean that at least one pair of point coordinatesat 𝐵 = 0 T was missing, either because of a non-accepted reconstructionor because the laser beam missed the sensor.In spite of the fact that some of the 𝐵 = 0 T conditions from 2010onwards were uncontrolled, the light spots after the magnet cycle arereconstructed at a distance smaller than 300 μm from the light spotprevious to the ramping up of current in the coils in about 90% of thecases. On the other hand, the instability problem of the AR collimatorfrom 2010 onwards becomes very visible in Table 13.
9.2.2. Largest displacementsThe largest displacement corresponds to the difference in the 𝑋 and
𝑌 reconstructed coordinates between 𝐵 = 0 T and 𝐵 = 3.8 T due to themotions induced by the magnetic forces. 𝛥𝑋𝑑 and 𝛥𝑌𝑑 , are displayedin Tables 15 to 17 for the sensors in the Light Paths L1, L2 and L4,respectively. Light Path L3 does not provide reliable measurements dueto the already cited AR collimator instability.Notice that in Tables 15 to 17 the differences are given in millime-tres. Uncertainties, which are not quoted, are assumed to be 300 μm,taken as the general reconstruction uncertainty.Since the light paths are quite different from each other in length,environmental conditions (in particular the air density), collimatorspointing with orientations far from that of perpendicular incidence, etc.,the detected motions (or absence thereof) are not identically reproducedby the three investigated lines.In addition, the quality of the response of the ASPDs themselvesmay change from beam path to beam path, due, in particular, to thenonuniform response over the full photo-sensitive area, most of the timerelated to the location of the nonworking strips with respect to the laserbeam impact point.The Light Paths are sketched in Fig. 10. The largest displacementresults displayed in Tables 15 to 17 are, mostly, a consequence of thedeformation sketched in Fig. 2. The displacement 𝛥𝑌𝑑 observed in thelocation of P1 (Table 12) corresponds essentially to the displacementsin 𝑍 of about 10 mm towards the Interaction Point of both the LaserBox at the Link Disk, where the collimator is placed, and of the TransferPlate (TP, see Figs. 9 and 22), where P1 (right sensor in Fig. 22) and P4(left sensor in Fig. 22) are installed [7]. The TP is on top of the RadialProfile (RP) and attached to the YN2 iron yoke as shown in Fig. 9.Similarly, the 𝛥𝑍 displacement of the LD, where the Laser Box isinstalled, due to the deformation in Fig. 2, finds a 𝛥𝑌𝑑 ≈ −10 mmmotion in the reconstruction of the laser light spot on the sensorP2 (Table 16). An FEA analysis performed in 1997 before the irondisks were constructed shows that in the vicinity of the laser lines thedeflection is expected to be≈ 11 mm [2]. On the other hand, the externalMABs cannot shift very much towards each other (just a couple ofmillimetres) because the barrel iron disks are compressed by the𝑍-stopsand only move a small amount.Finally, the 𝛥𝑌𝑑 ≈ 3 (7) mm motion of the reconstructed light spotover the P5 (P6) surface (Table 17) in the light path L4 (collimator insidethe LB of the LD) is a result of the convolution of two movements: theLB moves towards the IP by an amount of the order of 10 mm, and theME/1/2 chamber also moves in this direction by a smaller amount, andalso tilts in such a way that P6 stays behind in 𝑍 with respect to P5 (alsoa consequence of the deformation sketched in Fig. 2). All motions aretherefore understood and within the expectations.
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Table 15The largest displacement, or difference between the𝑋 and 𝑌 reconstructed coordinates at B = 3.8 T at the beginningof the Stability Period and the ones reconstructed at 𝐵 = 0 T before the ramping up in magnetic field intensity,for each of the three sensors in the Laser Path L1. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T or B= 3.8 T was missing. No ASPD data at 𝐵 = 0 T were recorded in the years 2013 and2015.
ASPD P3 P2 P1
Year 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm]2008 0.001 0.002 −0.017 0.121 −0.288 −11.8622009 −0.002 0.001 0.008 −0.347 −0.038 −9.9822010 −0.001 0.001 **** **** −0.654 −10.3012011 0.001 0.001 −0.018 −0.449 −0.675 −10.4392012 0.001 −0.003 −0.036 −0.437 −0.111 −7.074
Table 16The largest displacement, or difference between the𝑋 and 𝑌 reconstructed coordinates at B = 3.8 T at the beginningof the Stability Period and the ones reconstructed at 𝐵 = 0 T before the ramping up in magnetic field intensity,for each of the three sensors in the Laser Path L2. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T or B= 3.8 T was missing. No ASPD data at 𝐵 = 0 T were recorded in the years 2013 and2015.
ASPD P1 P2 P3
Year 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm]2008 0.051 0.378 0.424 −11.293 0.554 ****2009 0.057 0.239 0.312 −9.850 0.514 −8.3412010 0.084 0.308 0.367 **** 0.337 ****2011 0.054 0.120 0.295 **** **** ****2012 −0.018 −0.067 0.131 −7.023 0.050 ****
Table 17The largest displacement, or difference between the𝑋 and 𝑌 reconstructed coordinates at B = 3.8 T at the beginningof the Stability Period and the ones reconstructed at 𝐵 = 0 T before the ramping up in magnetic field intensity,for each of the three sensors in the Laser Path L4. Differences marked **** mean that at least one pair of pointcoordinates at 𝐵 = 0 T or B= 3.8 T was missing. No ASPD data at 𝐵 = 0 T were recorded in the years 2013 and2015.
ASPD P4 P5 P6
Year 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm] 𝛥𝑋𝑑 [mm] 𝛥𝑌𝑑 [mm]2008 0.101 0.455 0.135 3.151 −0.177 7.7912009 0.006 0.262 0.191 2.560 0.066 7.7122010 −0.106 0.369 0.100 3.184 −0.169 ****2011 −0.107 0.199 0.100 3.016 −0.127 ****2012 −0.447 −0.009 0.145 2.267 0.091 5.844
Table 18Fitted parameters for the quadratic functions in Figs. 23–25, for the years 2008, 2009 and 2011, respectively. In thefits, the used error for 𝛥𝑍 was 40 μm (the Sakae potentiometer resolution). For 𝛥𝑌𝑑 they were taken from Table 5.a [mm/T2] b [mm/T] c [mm] χ2/NDF
𝛥𝑍(LD-AR) 200820092011
−0.469 ± 0.006
−0.418 ± 0.008
−0.350 ± 0.009
−2.218 ± 0.026
−2.285 ± 0.029
−2.369 ± 0.034
−0.018 ± 0.023
−0.080 ± 0.0160.004 ± 0.020
78/17172/141/6
𝛥𝑌𝑑 (P2–L2) 200820092011
−0.596 ± 0.002
−0.560 ± 0.001
−0.537 ± 0.002
−0.788 ± 0.007
−0.810 ± 0.005
−0.790 ± 0.006
0.012 ± 0.004
−0.028 ± 0.003
−0.001 ± 0.004
614/92025/1424/6
𝛥𝑌𝑑 (P5–L4) 200820092011
0.330 ± 0.0010.269 ± 0.0010.224 ± 0.016
−0.351 ± 0.002
−0.205 ± 0.002
−0.051 ± 0.006
−0.005 ± 0.0020.006 ± 0.0010.016 ± 0.004
381/112100/1410/6
10. Correlation of motions
In Section 9 we interpreted the ≈ −10 mm 𝛥𝑌𝑑 largest displacementof the sensor P1 (Laser Path L1, Table 15) in terms of the expecteddeformation of the endcaps due to the magnetic field forces which causedisplacements of both the collimator installed in the Laser Box (LB)located at the Link Disk (LD) and the Transfer Plate (TP) where thesensor P1 is installed (Fig. 22). In the present section some of the 𝛥𝑌𝑑displacements are studied as a function of the magnetic field strength.
During the ramping up of the solenoid, data from some ASPDs andfrom short distance measurement sensors which monitor the axial AR toLD distance were simultaneously recorded, in the years 2008, 2009 and2011. These data sets are shown in Figs. 23, 24 and 25, respectively.Data from other years were not taken due to the slow data-taking cyclefor the ASPDs.The dots in the figures represent the measured 𝛥𝑍(LD−AR) axialmotion of the Link Disk towards the Alignment Ring as a function ofthe magnetic field intensity B (T). This distance is measured using a
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Fig. 23. During ramp up in magnet intensity in 2008: motion 𝛥𝑍(LD-AR) (dots),
𝛥𝑍(LD&TP) with respect to the Interaction Point as seen from P2 in the laserpath L2 (circles) and motion of ME/1/2 with respect to LD as seen from P5 inthe laser path L4 (squares).
Fig. 24. During rump up in magnet intensity in 2009: motion 𝛥𝑍(LD-AR) (dots),
𝛥𝑍(LD&TP) with respect to the Interaction Point as seen from P2 in the laserpath L2 (circles) and motion of ME/1/2 with respect to LD as seen from P5 inthe laser path L4 (squares).
short distance Sakae potentiometer [18,19]. The open circles are thecorresponding 𝛥𝑌𝑑 of the reconstructed 𝑌 coordinate of the L2 light spotover the P2 sensor surface, namely, the 𝛥𝑍 motion of the TP towardsthe IP. At 𝐵max, the 𝛥𝑍 motion of the TP towards the IP is smaller thanthe approach of the LD towards the AR measured by the potentiometerinstalled at the AR (see Fig. 9). This is due to the resistance of the𝑍-stopslocated between the endcap disks and the barrel region (see sketch inFig. 2). The difference is of about 3.5 mm in the three examples below.The squares correspond to the motion of the laser beam light spot overthe ASPD P5 when crossed by the Light Path L4, indicating the relativemotion between the ME/1/2 muon chamber and the LD described atthe end of the previous section. The difference in sign is the result of the
Fig. 25. During rump up in magnet intensity in 2011: motion 𝛥𝑍(LD-AR) (dots),
𝛥𝑍(LD&TP) with respect to the Interaction Point as seen from P2 in the laserpath L2 (circles) and motion of ME/1/2 with respect to LD as seen from P5 inthe laser path L4 (squares).
difference in the orientation of the local 𝑌 coordinate between the P2and the P5 sensor. At 𝐵max the measured motion is of about 3 mm.The curves are all functions of the type a×B2 + b × B + c fitted to thedata. The fitted constants are displayed in Table 18. The uncertaintiesused in the fit come from the data in Table 5, and the nominal resolutionof 40 μm for the distance sensors (potentiometers).The 𝜒2/NDF values indicate that the uncertainties used in the fit(i.e. those of ideal environmental conditions in Table 5), were under-estimated. In fact, systematic errors such as the effects of temperature,motions and possible deformations of some parts of the system were nottaken into account. However, the fitted parameters to the different datapoints are in fair agreement with each other in the various years.The different values for the NDF in the three fits in the year 2008are due to the fact that 8 light point reconstructions over the P2 sensorcrossed by the Light Path L2 and 6 over the P5 sensor crossed by theLight Path L4 were of a poor quality and therefore discarded.
11. Summary
The network of laser lines and photosensors is the central featureof the CMS Link Alignment system that, in turn, is an important partof the general CMS Alignment system. The alignment provides a precisegeometrical description of the detector, necessary to achieve the desiredaccuracy in the reconstruction of tracks from charged particles passingthrough an intense magnetic field.The general layout of the semitransparent Amorphous Silicon Posi-tion Detectors (ASPDs), consisting of a matrix of perpendicular ZnO:Al(110 nm) strips sandwiching a layer of photosensitive Schottky photodi-odes was introduced. The width of the conducting strips is 402 μm with22 μm spacing between neighbouring strips. The total sensitive area isapproximately 27 × 27 mm2.Prior to installation on the CMS detector, the measured performance,averaged over a sample of 122 units constructed, showed a sensorphotosensitivity of 16.3 ± 7.6 mA/W, spatial point reconstructionresolutions of the light spot of 𝜎𝑥 = 5.2 ± 2.6 μm and 𝜎𝑦 = 5.1 ± 2.4 μm,deflection angles of 𝛩𝑥 = −1.1 ± 2.8 μrad and 𝛩𝑦 = −1.1 ± 2.8 μrad, anda transmission of 𝑇 = 84.8 ± 2.9%.The four light path lines and the six ASPD sensors per CMS 𝛷quadrant were described and details were given about the data taking
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procedure. The protocol to perform a full recording cycle and toreconstruct the beam spots of the 72 ASPDs installed in CMS (36 perdetector side) takes slightly more than half an hour.An interpretation of the motions of the beam spots on the sensorsurfaces was given, presenting examples of the motions detected duringsome Magnet Cycles and Stability Periods after the analysis of the ASPDdata recorded over the years 2008–2013 and part of 2015, verifyingthe good performance of the sensors, which needed no replacements orrepairs after more than seven years of operation.In addition, the correlation between the CMS mechanical motionsdetected by the short distance measuring devices and those detectedby the reconstruction of the light spots on the ASPD sensors during theramping of the magnetic field were presented, demonstrating a goodagreement and, therefore, that the ASPDs data are well understood.The information provided by the network of photodetectors anddiode lasers is an integral part of the Link alignment system and itis used in the COCOA simulation/reconstruction software to obtainthe CMS detector geometry every time the CMS structures are closedand the detector is ready for operation. The present study extendthe analysis of this network using all data collected by the system,thus providing a more deep understanding on the performance of thisimportant component of the alignment system.It can be concluded that our measurements confirm that the CMSLink alignment system performed as designed, and we anticipate thefuture monitoring of the muon system will continue to meet all specifi-cations.
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